Introduction {#sec1}
============

Avian viral diseases caused by avian influenza (**AI**), infectious bronchitis (**IB**), infectious bursal disease (**IBD**), and Newcastle disease (**ND**) viruses are a major obstacle in the poultry industry worldwide and result in substantial economic losses, especially in broilers, due to respiratory distress, high mortality, impaired growth, or immune suppression. Furthermore, they have the capability of inducing diseases independently or in concurrent infection with each other ([@bib48]). AI viruses are classified in the genus *Influenza* virus of *Orthomyxoviridae* family ([@bib19]), while the etiology of IBD or Gumboro disease is the IBD virus that is a member of genus *Avibirnavirus* of the *Birnaviridae* family ([@bib22]). IB virus is belonging to *Coronavirus* genus of family *Coronaviridae* ([@bib24]), while the cause of ND is ND virus, belonging to genus *Avulavirus* of *Paramyxoviridae* family ([@bib30]). All these viruses have RNA genome enclosed within either enveloped (AI, IB, and ND viruses) or nonenveloped (IBD virus) capsid. Their outbreaks still occur in the field, although several live, inactivated, or recombinant vaccines are commercially available, and different vaccination programs are applied for each disease ([@bib56]). Many factors are related to this problem, and one of them is the immune suppression or an immature immune system ([@bib54]). Moreover, if a virus is endemic in a region, its elimination is difficult, so additional methods are required to combat these viruses along with vaccination. Recently, there has been increased interest in the use of natural antimicrobial agents, and the use of EOs in combination as a strategy to control many pathogens ([@bib27]). Over 3,000 EOs are known, of which approximately 300 are commercially important and used in the flavour and fragrance industries ([@bib59], [@bib10]). Essential oils are produced by medicinal plants, and their effects vary based on the component, which may have antibacterial ([@bib55], [@bib41]), antiviral ([@bib33], [@bib25]), anticoccidial ([@bib36]), antifungal ([@bib40]), antioxidant ([@bib38]), or growth-promoting effects ([@bib1], [@bib2], [@bib3], [@bib4]). Nevertheless, [@bib45] concluded in their review that the most tested essential oils exhibited a clear antiviral activity on enveloped DNA and RNA viruses, while they did not affect the nonenveloped viruses. In addition, there are recent studies proving that EOs can improve the cellular and humoral immune responses of chickens ([@bib35], [@bib47]). We hypothesized that EOs mixture stimulates immune response to different viral vaccines used in broiler flocks, promotes weight gaining, and can be used to the face the viral outbreaks such as ND virus.

The objectives of this study included 1) evaluation of EOs\' efficacy on stimulating the immune response to ND vaccines through the challenge with virulent NDv (vNDv) genotype VII; 2) assessment of the antiviral effect of EOs in vivo as a preventive measure and as a therapy for vNDv infection in broiler chickens; 3) evaluation of the effect of commercially prepared EOs on the humoral immune response to the AI, IB, and IBD vaccines in broiler chickens.

Material and methods {#sec2}
====================

Essential Oils {#sec2.1}
--------------

A mixture of EOs produced commercially under the trade name "Broclear" (Nutrex nv-Achterstenhoek Co., Belgium-aBE2165) was supplemented through the drinking water at a dose of 0.5 mL/L. This mixture contained oregano oil (50 g), carvacrol (10 g), thyme oil (33.33 g), eucalyptus oil (50 g), thymol (5 g), eucalyptol (10 g), and acacia (Arabic gum) surfactant (27 g) in water up to 1 L.

The Challenge With Virulent ND Virus (vNDv) {#sec2.2}
-------------------------------------------

A previously isolated and characterized virulent genotype VII ND virus ([@bib53]) was used for challenging experimental groups. The challenge was performed at the 28th D of age (d) with 10^6.3^ EID~50~/100 μL/bird ([@bib43]) via eye drop (50 μL) and the intranasal (50 μL) route ([@bib53]). The negative control group was sham challenged with similar volumes and routes using phosphate-buffered saline.

Experimental Chickens and Design {#sec2.3}
--------------------------------

A total of 126 one-day-old unsexed Ross 308 broiler chicks were obtained from a local hatchery and divided, by the ranking method to uniform initial body weight, into 6 groups (n = 21 with 3 replicates in each, n = 7), as follows:

NC: nonvaccinated, untreated, and nonchallenged (negative control)

PC: nonvaccinated, untreated, and vNDv challenged (positive control)

VC: vaccinated, untreated, and vNDv challenged (vaccinated, challenged)

VTC: vaccinated, treated (EOs treatment was started after each vaccine and continued for 3 D), and vNDv challenged (vaccinated, treated, and challenged)

PRV: vaccinated and treated (EOs treatment was started 1 D before vNDv challenge and continued for 5 D) (preventive group)

TTT: vaccinated and treated (EOs treatment was started 2 D after vNDv challenge and continued for 5 D) (therapeutic group)

All birds in the experimental groups except NC (negative control) were challenged with vNDv genotype VII at the 28th D. Vaccinated groups (VC, VTC, PRV, and TTT) received the vaccination program shown in ([Table 1](#tbl1){ref-type="table"} ) against ND, IB, IBD, and AI. The feeding program consisted of starter feed (crumbles) for the first 12 D with 23% crude protein and metabolizable energy (**ME**) of 3,008 kcal/kg diet, grower feed (pellets) (21% crude protein and 3,080 kcal/kg diet ME) up to the 26th D, followed by finisher (pellets) feed till the end of the experiment (35 D) with 19% crude protein and 3,190 kcal/kg diet ME. Feed and water were provided to all birds with free access. The chicks were received at 32°C on day 1, and then the temperature was decreased linearly by 2°C per week. All experimental procedures in this study were performed according to the Local Experimental Animal Care Committee and approved by the ethics of the institutional committee of the Department of Poultry and Fish Diseases, Faculty of Veterinary Medicine, Alexandria University, Egypt. All efforts were made to minimize suffering.Table 1Vaccination program of vaccinated experimental groups (VC, VTC, PRV, and TTT).VaccinesAge (days)/route of administrationNobilis MA5 + Clone 30 (infectious bronchitis + Newcastle disease virus strains) (Intervet international B.V. Boxmeer-Holland)5th/by the eye dropDalguban N+ oil vaccine (Newcastle disease virus genotype VII, KBNP-CA152R21 strain) (KBNP, INC. Chungnam, Korea)7th/intramuscular (thigh muscle)Avian influenza (H5N1) (MEVAC Co. Egypt)9th/subcutaneous (neck)Bursine plus (Zoetis Inc., Kalamazoo, MI, USA) (infectious bursal disease)13th/eye dropLaSota (Intervet international B.V. Boxmeer-Holland) (Newcastle disease)17th/eye drop[^1]

Blood Sampling {#sec2.4}
--------------

Ten blood samples without anticoagulant were gathered from additional ten one-day-old chicks by slaughtering for measuring maternally derived antibodies specific for NDv. At weekly interval, blood samples were collected from the wing vein of randomly selected 12 birds per group (four birds/replicate) at the 14th, 21th, and 28th D, while at the 35th D, blood samples were collected from the surviving birds. Sera were collected by centrifugation for 10 min at 1,500 × *g* and were stored into eppindorff tubes at −20°C until the use for serological tests.

For hematological and phagocytic activity (PA) assays, blood samples were collected at the 28th D using an anticoagulant (sodium citrate 3.8%) from 6 birds in each group (NC, VC, and VTC) (2 birds/replicate) and were sent to the laboratory at the same day.

Immunological and Hematological Assays {#sec2.5}
--------------------------------------

Hemagglutination inhibition (HI) and classical ELISA tests were performed to measure antibody titres (**IgG**) against ND, AI, IBD, and IB. The HI test was performed in U-based microtiter plates using 4 HA units of LaSota antigen (Intervet International B.V. Boxmeer-Holland) and AI H5N1 antigen (clade 2.2.1.1) (MEVAC Co., Egypt) ([@bib39]). ELISA was performed according to the manufacturer\'s protocol (Synbiotics Co.). Haematological parameters were determined according to study by [@bib15] as follows: total red and white blood cell counts were determined manually using a hemocytometer. The packed cell volume was measured by a capillary tube technique using microhematocrit capillary tubes centrifuged at 2,500 rpm for 5 min. The hemoglobin concentration was measured by the cyanomethemoglobin method. The differential leukocyte count was carried out using blood smears stained with Wrights-Giemsa stain according to their identification characteristics, and the percentage and absolute value for each cell type were calculated.

Phagocytic Assay and Organs Index {#sec2.6}
---------------------------------

Phagocytic assay was determined according to the study by [@bib32]: Fifty micrograms of *Candida albicans* culture was added to 1 mL of citrated blood collected from 6 birds (individually) in each group (NC, VC, and VTC) (2/replicate) and shaken in a water bath at 25°C for 5 h. Blood smears were then stained with Wrights-Giemsa stain. Phagocytosis was estimated by determining the proportion of macrophages that contained intracellular yeast cells in a random count of 300 macrophages and was expressed as the percentage of PA.

$$\text{Phagocytic\ index}{(\text{PI})}\  = \text{~number\ of\ yeast\ cells\ phagocytized/number~of\ phagocytic\ cells}$$

The bursa of Fabricius, thymus, spleen, and liver were collected from 6 birds per group for NC, VC, and VTC (2 birds/replicate) at the 28th D and were weighed individually to calculate the relative organ weights and represented as organ index.

Organ index = (organ weight \[gram\]/body weight \[gram\]) × 1000 ([@bib29]).

Clinical and Postmortem Investigations, Mortality Rate, and Growth Performance {#sec2.7}
------------------------------------------------------------------------------

The mortality rate was recorded, and all birds in the experimental groups were daily observed for 7 D after challenge (PC). For clinical signs, including sneezing, rales, swollen head, nasal and ocular discharge, greenish diarrhoea, torticollis, and recumbency, dead birds were examined for postmortem lesions, such as proventricular hemorrhage, intestinal button-like ulcers, ileocecal tonsil hemorrhage, and congested pectoral muscles and tracheal mucosa ([@bib39]). The birds were individually weighed to determine the body weight at the first, 28th, and 35th D, and weight gain was calculated for each bird at 1- to 28-, 28- to 35-, and 1- to 35-D intervals. The average feed consumption per bird was determined at the same intervals.

The feed conversion ratio (FCR) was calculated as FCR per bird = (total feed consumption in a pen ÷ \[weight gain of surviving birds + weight gain of dead birds in the same pen\]) ([@bib17]).

Real-time reverse transcription-polymerase chain reaction (rRT-PCR) for viral shedding titres on oropharyngeal swabs

Oropharyngeal swabs were taken from all surviving birds in each group at the second, fourth, and seventh day PC in 1.5 mL of phosphate-buffered saline--containing gentamicin (200 μg/mL) and penicillin G (1,000 units/mL). The collected swabs were centrifuged at 3,000 rpm for 10 min; the supernatants were collected and stored at −80°C until use. RNA was extracted from 200 μL of the collected oropharyngeal swab fluid using Thermo Scientific Gene JET Viral DNA and RNA Extraction Kits following the manufacturer\'s recommended procedures. The ND virus fusion protein gene was amplified using the primers and probe according to the study by [@bib6] with the Stratagene Real-Time PCR system. The reaction was composed of 5 μL of template RNA, 12.5 μL of rRT-PCR Master Mix, 1.25 μL of RT-enhancer, 0.25 μL of enzyme mix, 1 μL of forward primer (50 pmol), 1 μL of reverse primer (50 pmol), 0.25 μL of probe, and 3.75 μL of RNAse free water. The PCR cycling conditions were 50 cycles at 94°C for 10 s, 58°C for 5 s, and 72°C for 10 s preceded by an initial denaturation for 15 min at 95°C.

Measurement of Antioxidant Enzymes {#sec2.8}
----------------------------------

Malondialdehyde (**MDA**) and superoxide dismutase (**SOD)** in serum were estimated according to the studies by [@bib52] and [@bib37], respectively, using commercial kits produced by Biodiagnostic Co. (diagnostic and research reagents) at the 28th and 35th D.

Statistics {#sec2.9}
----------

The data of growth performance, haematology, serology, antioxidant enzymes, and organ index were analysed using Statistical Analysis System software version 9.2 ([@bib51]) by one-way analysis of variance followed by post hoc Duncan\'s test. The data are presented as the average ± standard error. All statements of differences were based on a significance level of *P* \< 0.05. Coefficient of variation percentage of all groups were calculated according to the following equation: (y/x)∗100, where y is standard deviation of the treatment and x is mean value of the same treatment.

Results {#sec3}
=======

Immune Response to NDv and Results of Subsequent vNDv Challenge {#sec3.1}
---------------------------------------------------------------

### Serology {#sec3.1.1}

The average level of maternally derived antibodies specific for NDv (HI) was 2 log 5.63 ± 0.18, which decreased over time in the nonvaccinated control groups (NC and PC) to reach values of (2 log 3.13 ± 0.40 and 3.38 ± 0.46, respectively) at the 28th D (challenge day). In addition, ND--vaccinated birds (**VC**) did not show significantly higher HI titres (*P* ≥ 0.05) (2 log 4 ± 0.87) at the challenge day than NC or PC birds (nonvaccinated). However, the use of EOs in combination with vaccine application against ND in VTC increased HI antibody titre (2 log 4.5 ± 0.27) (*P* ≥ 0.05) than VC (vaccinated only).

Positive control birds (**PC**) showed a significant increase (*P* \< 0.05) of HI titre (2 log 10.57 ± 0.43) for NDv at the 35th D (7 D PC). While, sero-conversion after vNDv challenge was significantly (*P* \< 0.05) lower as a result of using EOs together with ND vaccines in VTC (2 log 6.5 ± 0.46) than the vaccine alone in VC (2 log 8.63 ± 0.65). Also, lower sero-conversion was observed in both groups that received EOs either starting from 1 D before vNDv challenge (PRV) or 2 D after challenge (TTT) and continued for 5 D, but the difference was not significant (*P* ≥ 0.05) compared to VC or VTC ([Figure 1](#fig1){ref-type="fig"} ).Figure 1Hemagglutination inhibition (HI) titre (log 2) of Newcastle disease antibodies throughout the experimental period. Geometric mean of 12 serum samples per group (four/replicate) at each observation time. Different letters at each observation time indicate to significant difference (*P* \< 0.05). NC, negative control; PC, positive control; PRV, preventive; TTT, therapeutic group; VC, vaccinated and challenged; VTC, vaccinated, treated, and challenged.

Mortality Percentage and Clinical Protection {#sec3.2}
--------------------------------------------

The vNDv challenge in the experimental groups resulted in the death of 17 of 21 birds (80.95%) in PC (nonvaccinated and nontreated), which was reduced by vaccination against ND in VC to 52.28% (11/21). Moreover, the use of EOs with vaccination as an immune modulator in VTC reduced the mortality rate to 42.86% (9/21), whereas preventive and therapeutic groups (PRV and TTT) showed mortality rate of 38.09% (8/21) and 47.62% (10/21), respectively ([Table 2](#tbl2){ref-type="table"} ). All birds in the negative control group (NC) appeared clinically normal, while vNDv challenge resulted in depression, swollen head, conjunctivitis, rales, sneezing, and nasal discharge beginning at the second day post challenge (PC) in all experimentally challenged groups (PC, VC, VTC, PRV, and TTT). Greenish diarrhoea was also recorded in PC, VTC, and TTT ([Figure 2](#fig2){ref-type="fig"} ; [Table 2](#tbl2){ref-type="table"}).Table 2Clinical signs and postmortem lesion scores throughout 7 D after challenge with vNDv genotype VII according to frequency and severity.[1](#tbl2fn1){ref-type="table-fn"}Item (affected birds/total)Experimental groups[2](#tbl2fn2){ref-type="table-fn"}NCPCVCVTCPRVTTTMortality %080.95 (17/21)52.28 (11/21)42.86 (9/21)38.09 (8/21)47.62 (10/21)Depression03 (21/21)2 (17/21)2 (16/21)1 (10/21)2 (14/21)Conjunctivitis02 (20/21)1 (15/21)1 (9/21)0 (0/21)1 (15/21)Sneezing and rales02 (18/21)1 (12/21)1 (7/21)1 (1/21)2 (16/21)Nasal discharge02 (16/21)1 (9/21)1 (5/21)1 (3/21)1 (13/21)Greenish diarrhoea03 (13/21)0 (10/21)1 (5/21)0 (0/21)1 (8/21)Congested pectoral muscles03 (16/17)2 (8/11)1 (8/9)1 (6/8)3 (10/10)Tracheal congestion and exudates03 (17/17)2 (7/11)1 (9/9)1 (6/8)2 (8/10)Proventricular hemorrhage03 (14/17)3 (6/11)1 (3/9)2 (4/8)2 (9/10)Intestinal ulcers02 (12/17)2 (4/11)1 (1/9)1 (2/8)1 (6/10)Hemorrhage at ileocecal tonsils01 (11/17)0 (5/11)0 (0/9)1 (1/8)1 (6/10)Mottled enlarged spleen03 (17/17)1 (9/11)1 (4/9)1 (3/8)2 (10/10)Sum02715111017[^2][^3]Figure 2Clinical signs and postmortem lesions in experimental groups challenged with vNDv. A: depression, B: swollen head and closed eye lids, C: greenish diarrhoea, D: proventricular haemorrhage, E: congested trachea, F: button-like ulcers on the intestine, G: enlarged mottled spleen.

Upon examination of dead birds, congestion of the pectoral muscles and trachea, proventricular haemorrhage, button-like ulcers on the small intestine, and a mottled enlarged spleen were observed ([Figure 2](#fig2){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}).

Oropharyngeal Shedding of vNDv Using rRT-PCR {#sec3.3}
--------------------------------------------

Oropharyngeal swabs were collected from all birds in each group separately at the second, fourth, and seventh day PC and were pooled. No oropharyngeal viral shedding was observed in the negative control birds (NC) throughout the experimental period. The peak of viral shedding (loNC~0~) was recorded at the fourth day PC in all challenged experimental groups, and the highest titre was produced by the positive control group (PC) at all 3 intervals, whereas the lowest titre (loNC~0~) was recorded in birds from PRV, followed by VTC and finally TTT as viral shedding titre (loNC~0~) was 6.59, 4.76, 3.73, 3.11, and 4.1 at second day PC; 6.99, 4.98, 3.94, 2.78, and 4.52 at fourth day PC; and 5.44, 3.29, 2.28, 1.88, and 3.5 at seventh day PC in PC, VC, VTC, PRV and TTT, respectively ([Figure 3](#fig3){ref-type="fig"} ).Figure 3Viral shedding (loNC~0~) in the oropharyngeal swabs at 2, 4, and 7 D after challenge in 6 experimental chicken groups. Data are the average of 3 replicates per group (two pooled samples/replicate). NC, negative control; PC, positive control; PRV, preventive; TTT, therapeutic group; VC, vaccinated and challenged; VTC, vaccinated, treated, and challenged.

Body Weight Gain and FCR {#sec3.4}
------------------------

There was no significant difference (*P* ≥ 0.05) in average body weight gain (g) among the experimental groups during the period from 1 D until the day of challenge (first--28th D). However, the average body weight gain during 7 D after challenge was significantly reduced (*P* \< 0.05) in nonvaccinated challenged birds (PC) (387 ± 18.6) compared with negative control ones (NC) (458 ± 25.92), as well as vaccinated challenged groups either treated with EOs (VTC, PRV, and TTT) or nontreated (VC). Moreover, body weight gain of those vaccinated groups (VC-TTT) had no significant difference (*P* ≥ 0.05) in comparison with negative control birds (NC).

Regarding overall body weight gain (interval first--35th D), the significantly (*P* \< 0.05) high body weight gain was observed in PRV (vaccinated and treated with EOs that started 1 D before challenge and continued for 5 D) (2001 ± 108.79) and NC (negative control) (1970 ± 19.26) when compared with that produced by the challenge with vNDv in PC (1807 ± 28.7) as shown in [Table 3](#tbl3){ref-type="table"} . The FCR, at the interval of first to 28th D of age (before challenge), was significantly worse (*P* \< 0.05) in the vaccinated group (VC) (1.89 ± 0.04) when compared with that of negative control birds (NC) (1.66 ± 0.04). Whereas, the use of EOs in VTC along with vaccination resulted in an FCR of 1.77 ± 0.04, with no significant (*P* ≥ 0.05) difference in comparison with either NC or VC.Table 3Effect of essential oils on the growth performance of broiler chickens ±SE.[1](#tbl3fn1){ref-type="table-fn"}ParameterExperimental groupsNCPCVCVTCPRVTTTFirst to 28th D (before vNDv challenge)B. wt gain (g)1422 ± 30.591419 ± 27.591419 ± 27.141423 ± 34.501452 ± 81.831421 ± 18.14FCR (g/g)1.66 ± 0.04^b^1.68 ± 0.05^b^1.89 ± 0.04^a^1.77 ± 0.03^a,b^1.85 ± 0.13^a^1.91 ± 0.02^a^28th to 35th D (period of vNDv challenge)B. wt gain (g)548 ± 25.92^a^381 ± 18.6^b^485 ± 24.79^a^529 ± 23.17^a^540 ± 38.26^a^498 ± 23.87^a^FCR (g/g)1.72 ± 0.09^b^2.83 ± 0.18^a^2.01 ± 0.11^b^1.89 ± 0.09^b^1.80 ± 0.14^b^1.99 ± 0.10^b^First to 35th D (overall period of the experiment)B. wt gain (g)1970 ± 19.56^a^1800 ± 28.7^b^1904 ± 38.66^a,b^1952 ± 28.82^a,b^1987 ± 108.79^a^1919 ± 20.21^a,b^FCR (g feed/g gain)1.66 ± 0.02^b^2.12 ± 0.03^a^1.91 ± 0.04^a^1.79 ± 0.03^a,b^1.81 ± 0.12^a,b^1.92 ± 0.02^a^[^4][^5]

The FCR during 7 D PC was significantly (*P* \< 0.05) higher in birds from PC (positive control) (2.83 ± 0.18) than that of all other experimental groups. The best FCR (1.72 ± 0.09) was recorded by the negative control birds (NC). An improved FCR during the overall period of the experiment (first--35th D) was reported for NC (1.66 ± 0.02), which significantly differed (*P* \< 0.05) from that of all other groups except VTC (1.79 ± 0.03) (*P* ≥ 0.05) as shown in [Table 3](#tbl3){ref-type="table"}.

Antioxidant Status {#sec3.5}
------------------

The level of SOD did not significantly differ (*P* ≥ 0.05) at the 28th D (challenge day) as 237.5, 237.5, 287.5, 262.5, 287.5, and 287.5 U/mL and 35th D (7 D PC) as 337.5, 325, 350, 350, 337.5, and 350 U/mL in NC, PC, VC, VTC, PRV, and TTT, respectively. MDA level did not statistically affect (*P* \> 0.05) at the challenge day (28th D) as 9.92, 9.92, 9.28, 9.73, 9.28, and 9.28 nmol/mL, but it was significantly impacted (*P* \< 0.05) at 7 D after challenge (35th D) as 9.93, 9.94, 9.56, 9.59, 9.15, and 9.41 nmol/mL in NC, PC, VC, VTC, PRV, and TTT, respectively ([Figures 4](#fig4){ref-type="fig"} A, 4B).Figure 4(A) Malondialdehyde (MDA) level (nmol/mL) in the serum and (B) superoxide dismutase (SOD) level (U/mL) in the serum of experimental groups (pre- and post-vNDv challenge). Data are means of 6 birds per group (two birds/replicate). Different letters at each observation time indicate to significant difference (*P* \< 0.05). CV% of experimental groups for both parameters was in range of 0.4 to 18.9%. CV%, coefficient of variation percentage; NC, negative control; PC, positive control; PRV, preventive; TTT, therapeutic group; VC, vaccinated and challenged; VTC, vaccinated, treated, and challenged.

Antibody Titres for the AI, IB, and IBD Vaccines {#sec3.6}
------------------------------------------------

HI titres (loPC) for AI H5, at weekly interval beginning at the 14th D, did not significantly differ (*P* ≥ 0.05) among NC (negative control), VC (vaccinated), and VTC (vaccinated and EOs treated) with a difference range of 4.13 to 4.38 loPC. At the 28th D, vaccinated groups neither treated (VTC) nor (VC) showed significantly (*P* \< 0.05) higher HI titre than negative control (NC) birds as 1.88, 4.63, and 4.75 loPC in NC, VC, and VTC, respectively ([Figure 5](#fig5){ref-type="fig"} ). The antibody titre by ELISA for the IB virus did not significantly differ (*P* ≥ 0.05) among the experimental groups at the 14th D. However, it was increased at the 21th and 28th D on VTC (vaccinated and EOs treated) than VC (*P* ≥ 0.05) or NC (*P* \< 0.05) as the titres were 527, 762, and 777 at the 14th D, 306, 682, and 857 at 21th D, and 295, 518, and 580 at 28th D in NC, VC, and VTC, respectively ([Figure 6](#fig6){ref-type="fig"} A).Figure 5Hemagglutination inhibition (HI) titre (log 2) of avian influenza H5 antibodies. Geometric mean of 12 serum samples per group (four/replicate) at each observation time. Different letters at each observation time indicate to significant difference (*P* \< 0.05). CV% range was 7.2 to 19%. CV%, coefficient of variation percentage; EO, essential oil; NC, negative control; VC, vaccinated and challenge; VTC, vaccinated, EOs treated, and challenged.Figure 6ELISA antibody titres for infectious bronchitis (IB) virus (A) and infectious bursal disease (IBD) virus (B). The ELISA titre was obtained from 12 serum samples per group (four/replicate) at each observation time. Different letters at each observation time indicate to a significant difference (*P* \< 0.05). CV% range among experimental groups for both parameters was 4.6 to 19.7%. NC, negative control; VC, vaccinated and challenged; VTC, vaccinated, EOs treated, and challenged.

Regarding ELISA IBD antibody titres, there was no significant difference among different groups at the 14th D (*P* ≥ 0.05) as NC, VC, and VTC showed 1904, 1805, and 1826 IBD antibody titres, respectively. However, they decreased at the 21th D in all groups, whereas the significantly (*P* \< 0.05) lower titre was shown by VTC that afterward produced significantly (*P* \< 0.05) higher ELISA IBD antibody titre (at the 28th D) as ELISA IBD antibody titres were 1,273, 1,047, and 890 at the 21th D and 1130, 1230, and 2108 at the 28th D in NC, VC, and VTC, respectively ([Figure 6](#fig6){ref-type="fig"}B)

Hematology, Phagocytic Assay, and Organs Index {#sec3.7}
----------------------------------------------

At the 28th D (challenge day), the readings of red blood cells ( × 10^6^/mm^3^), PCV%, and hemoglobin (g/dl), that were of difference range of 4.26--4.96, 41.06--44.7, and 14.08--14.96, respectively, did not show significant (*P* ≥ 0.05) difference among the 6 experimental groups. However, white blood cells count ( × 10^6^/mm^3^) and heterophils:lymphocytes (H:L) ratio were significantly (*P* \< 0.05) higher in VC (vaccinated) than in NC (negative control) and VTC (vaccinated and EOs treated) as white blood cell count ( × 10^6^/mm^3^) was 2.24, 2.54, and 2.23 and H:L ratio was 1.06, 1.45, and 1.1 in NC, VC, and VTC, respectively([Table 4](#tbl4){ref-type="table"} ).Table 4Effects of essential oils supplementation on hematological parameters, phagocytic assay, and organ indices in broiler chickens at the 28th D ±SE.[1](#tbl4fn1){ref-type="table-fn"}ItemsGroups[2](#tbl4fn2){ref-type="table-fn"}NCVCVTCHematology and phagocytic assayPhagocytic activity (PA)48.00 ± 0.58^a^32.67 ± 0.33^c^37.50 ± 0.50^b^Phagocytic index (PI)28.00 ± 0.58^a^10.00 ± 0.58^c^13.50 ± 0.50^b^H:L ratio1.06 ± 0.02^b^1.45 ± 0.01^a^1.10 ± 0.03^b^WBCs ( × 10^6^/mm^3^)2.24 ± 0.01^b^2.54 ± 0.04^a^2.23 ± 0.11^b^RBCs ( × 10^6^/mm^3^)4.26 ± 0.024.61 ± 0.064.96 ± 0.07PCV (%)44.70 ± 0.0541.06 ± 0.3043.01 ± 0.22Hb (g/dl)14.55 ± 0.0214.08 ± 0.0414.96 ± 0.22Organ indexBursa of Fabricius0.54 ± 0.08^b^0.74 ± 0.09^a,b^1.08 ± 0.32^a^Thymus3.67 ± 0.584.48 ± 0.283.51 ± 0.37Spleen0.70 ± 0.010.90 ± 0.100.95 ± 0.19Liver27.14 ± 2.4923.81 ± 0.7524.57 ± 1.41[^6][^7][^8]

PA and the phagocytic index were significantly higher in NC (negative control) (48 and 28, respectively) than in VC (vaccinated and nontreated with EOs) (32.67 and 10, respectively) and VTC (vaccinated and treated with EOs) (37.5 and 13.5, respectively), with a significant increase (*P* \< 0.05) in VTC in comparison to VC ([Table 4](#tbl4){ref-type="table"}).

Spleen, thymus, and liver indices were not statistically different (*P* ≥ 0.05) between EOs treated group (VTC) and other nontreated ones (NC and VC) at the 28th D with a range of difference of 0.7:0.95, 3.51:4.48, and 23.81:27.14, respectively. However, the bursa of Fabricius index was significantly (*P* \< 0.05) higher in VTC (1.08) than in NC group (0.54) ([Table 4](#tbl4){ref-type="table"}).

Discussion {#sec4}
==========

The results of the present study revealed that EOs mixture supplementation in drinking water at 0.5 mL/L beginning at 2 D after each vaccine application for 3 successive days (VTC) did not cause significant increase in ND HI antibody titre (log ~2~) until the age of challenge (28th D). Consistent with the reports of [@bib49] and [@bib42]. In contrast, [@bib12] and [@bib57] showed that the addition of eucalyptus and mint oils improved the humoral immune responses to ND virus in broilers. In addition, [@bib60] reported an improvement in the humoral response (HI titre) to ND virus at the 21th D in broilers after using a phytogenic product, but this effect did not last to the 39th D.

Although the obtained result for VTC (vaccinated, EOs treated \[after each vaccine\] and challenged), an improvement of clinical protection (mortality, clinical signs, PM lesions, and viral shedding titre) was observed. This could be due to stimulating effect on cell-mediated and local immunity ([@bib21]) and therefore eliminating some of the viruses from tissues ([@bib8]). The penetration mechanism of the virus into the cells determines whether the virus is affected by the EOs or not and where ND virus penetrates cells through a fusion protein ([@bib16]), which in turn can be resistant to EOs ([@bib11]), so not all ND viruses are affected by EOs. However, AI virus penetrates the cells through a receptor-mediated endocytosis mechanism ([@bib56]).

As many studies have discussed the in vitro antiviral activity of EOs against avian viruses after contact between viruses and EOs for certain periods of time at room temperature ([@bib11]), here we designed PRV and TTT to study the antiviral effect of EOs in vivo (in chickens) at chicken\'s body temperature (41.5°C) either before (PRV) or after vNDv challenge (TTT). The improvement of the clinical and pathological picture of vNDv was observed in PRV (received the EOs supplement that was started from 1 D before the challenge and was continued for 5 D); in addition, this group had the lowest oropharyngeal shedding titre (log ~10~), which could be due to eucalyptus, and it has been used in traditional medicine to treat respiratory tract infections ([@bib16]) and may exhibit antiviral activity ([@bib11]) and thus affects the virulence of the challenge virus. Moreover, EOs showed more protective level against vNDv challenge in PRV (preventive group) than TTT (therapeutic group) that may be attributed to the effect of EOs mixture on ND virus adsorption to cell surface and may block cell receptors resulting in interference with virus binding; its accurate mode of action should be studied through tissue culture.

EOs supplementation, during the period of first to 28th D, in VTC did not significantly improve body weight gain compared to the other nontreated groups (NC and VC). Although, VTC showed an improved FCR (1.77 ± 0.03), it did not significantly differ from negative control birds (NC) (1.66 ± 0.04). Vaccination by different live vaccines including ND, IB, and IBD viruses may be the reason for significantly higher FCR in VC (1.89 ± 0.04). The same was observed during 7 D PC for body weight gain and FCR. Nevertheless, the use of ND vaccines, regardless EOs supplementation, has improved (*P* \< 0.05) overall body weight gain in all challenged groups compared with the positive control group. Similar results were obtained by [@bib53]. Supplementation of EOs as a preventive drug in PRV (that was started from 1 D before the challenge and continued for 5 D) along with vaccines application has significantly improved the body weight gain compared with positive control birds (PC).

The worst FCR was recorded in PC, followed by VC and TTT. In contrast, [@bib23], [@bib9], and [@bib57] reported that essential oils of eucalyptus, mint, and/or thyme oils resulted in significant increase in the body weight and weight gain, in addition to improving the FCR.The EOs enhance digestibility, balance the gastrointestinal tract microflora, and stimulate the secretion of endogenous digestive enzymes, thus improve growth performance in poultry ([@bib61], [@bib20]). As well, thymol plus carvacrol has reported to significantly improve body weight gain and FCR in broilers ([@bib28], [@bib50]). The obtained results of body weight gain and FCR in this study were similar to the findings of [@bib44], [@bib58] and [@bib34]. The various results of the effect of different types of EOs on bird performance in several studies could be related to variations of dose, active components of the EOs mixture, the period of administration, and the environmental and nutritional factors.

Lipid peroxidation is an autocatalytic process that leads to oxidative damage of cellular membranes ([@bib46]) and cell death, producing toxic free radicals including MDA which is used as an indicator of lipid peroxidation ([@bib31]), while the antioxidative enzyme, SOD, protects cells from the damage caused by these free radicals ([@bib62]). In this study, EOs had no significant effect on MDA or SOD in the serum at the 28th D (challenge day), but it caused significant decrease of MDA in PRV and TTT at the 35th D although vNDv challenge did not increase MDA level in PC (positive control). These results make us ask about the role of ND infection on lipid peroxidation and therefore the need for further studies. The decreased level of MDA at the seventh day PC in VTC may be attributed to the antioxidant effect of thyme that is rich in flavonoids ([@bib18]). Furthermore, [@bib63], [@bib14], and [@bib28] reported that thymol, carvacrol, thyme oil, and/or oregano have strong antioxidant activity and can inhibit lipid peroxidation.

Regarding the immune-stimulating effect of the EOs mixture for other vaccines, AI and IB antibody titres were not affected by EOs supplementation but that of IBD virus significantly increased only at the 28th D. Similar results were obtained by [@bib50] for AI and IB but are not consistent for IBD, which could be due to the use of thyme essence in the drinking water at different doses (0, 0.10, 0.15, and 0.20 mL/L) from 8 to 42 D or the inclusion of different components. The hematological and PA assays were conducted only at the 28th D of age to detect the effect of EOs on the immune response to vaccines (regardless of ND challenge). So, the groups were representing by NC, negative control; VC, vaccinated and nontreated with EOs; and VTC, vaccinated and treated with EOs. One of the first lines of defence in the body is leucocytes, which significantly increase in its number when the infection occurs ([@bib26]), like what was observed in this study in VC (vaccinated, nontreated). In addition to the lower H:L ratio in VTC (vaccinated and EOs treated), which may be due to the positive influence of this mixture on reducing stress in broilers. It is known that the H:L ratio is considered as an indicator of stress in poultry ([@bib13]). Similar results were reported by [@bib28]. In addition, essential oils were able to increase the PA and index in VTC compared to VC. On the other hand, eucalyptus oil stimulates the immune response by enhancing PA of monocytes ([@bib23]). Furthermore, [@bib5] claimed that the polyphenol compound EO and thymol have a stimulating effect on mononuclear phagocyte system and cellular immunity.

As reported in [Table 4](#tbl4){ref-type="table"}, lymphoid organ and liver index, red blood cell counts, hemoglobin percentage, and hematocrit value were not affected by EOs supplementation. Similar findings were reported by [@bib28]. However, [@bib7] showed that the supplementation of the oil extract of thyme and cinnamon resulted in increasing red blood cell count, hematocrit, and hemoglobin values compared to those of the control birds.

Conclusions {#sec5}
===========

In conclusion, the EOs mixture used in the present study has a positive preventive effect and some therapeutic effect on ND virus infection in chickens (in vivo) through the decreased viral shedding titre, increased clinical protection, and decreased pathological picture. EOs did not promote the bird\'s performance or the immune responses to the AI and IB vaccines; nevertheless, it has an immune-stimulating effect for the IBD virus. Further studies are required for determining their antiviral mode of action to help control different field outbreaks and to decrease viral shedding in addition to vaccination programs.
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[^1]: Abbreviations: PRV, preventive; TTT, therapeutic group; VC, vaccinated and challenged; VTC, vaccinated, treated, and challenged.

[^2]: Data are an average of clinical signs and the postmortem lesion score, as follows: 0, no; 1, mild; 2, moderate; and 3, severe signs or lesions.

[^3]: NC: negative control, PC: positive control, VC: vaccinated and challenged, VTC: vaccinated, treated, and challenged, PRV: preventive and TTT: therapeutic group.

[^4]: Abbreviations: B. wt gain (g), body weight gain (gram); CV%, coefficient of variation percentage; FCR (g/g), feed conversion ratio (gram of feed intake/gram of weight gain); NC, negative control; PC, positive control; PRV, preventive; SE, standard error; TTT, therapeutic group; VC, vaccinated and challenged; vNDv, virulent Newcastle disease virus; VTC, vaccinated, treated, and challenged.

[^5]: Data are the average of 3 replicates per group, with 7 broilers per replicate. Different superscript letters in the same row indicate a significant difference (*P* \< 0.05). CV% range of experimental groups for both parameters was 0.9:7.8%.

[^6]: Abbreviations: Hb, hemoglobin; H:L, heterophils-to-lymphocytes ratio; NC, negative control; PCV, packed cell volume; RBC, red blood cell; SE, standard error; VC, vaccinated and nontreated with EOs; VTC, vaccinated and treated with EOsWBC, white blood cell.

[^7]: Data are the average of 6 birds per group (two birds/replicate). Different superscript letters in the same row indicate significant differences (*P* \< 0.05). ^2^Experimental groups.

[^8]: Experimental groups.
